In most clinical trials, human mesenchymal stem cells (hMSCs) are expanded in vitro before implantation. The genetic stability of human stem cells is critical for their clinical use. However, the relationship between stem-cell expansion and genetic stability is poorly understood. Here, we demonstrate that within the normal expansion period, hMSC cultures show a high percentage of aneuploid cells that progressively increases until senescence. Despite this accumulation, we show that in a heterogeneous culture the senescence-prone hMSC subpopulation has a lower proliferation potential and a higher incidence of aneuploidy than the non-senescent subpopulation. We further show that senescence is linked to a novel transcriptional signature that includes a set of genes implicated in ploidy control. Overexpression of the telomerase catalytic subunit (human telomerase reverse transcriptase, hTERT) inhibited senescence, markedly reducing the levels of aneuploidy and preventing the dysregulation of ploidy-controlling genes. hMSC-replicative senescence was accompanied by an increase in oxygen consumption rate (OCR) and oxidative stress, but in long-term cultures that overexpress hTERT, these parameters were maintained at basal levels, comparable to unmodified hMSCs at initial passages. We therefore propose that hTERT contributes to genetic stability through its classical telomere maintenance function and also by reducing the levels of oxidative stress, possibly, by controlling mitochondrial physiology. Finally, we propose that aneuploidy is a relevant factor in the induction of senescence and should be assessed in hMSCs before their clinical use.
Human mesenchymal stem cells (hMSCs) are proposed as a powerful cell therapy tool for a variety of aging-related and autoimmune diseases. 1, 2 Although hMSCs can be obtained from several tissues, they are scarce in the body. Cell therapy protocols require 10-400 million hMSCs per treatment, and consequently, these cells need to be expanded in vitro for 8-12 weeks before implantation (www.clinicaltrials.gov). The length of this expansion period and the quality of the cells depend on the isolation and culture methods, 3, 4 and are strongly influenced by the patient's clinical history, age and genetic makeup. 5, 6 All primary human cells, including hMSCs, undergo only a limited number of cell divisions under standard culture conditions, in a process called cellular senescence. 7 Senescence is considered to be a stress response triggered by activation of three main mechanisms: critical telomere erosion, accumulation of DNA damage and derepression of the INK4/ARF locus. 8 These three processes converge on the activation of the tumor suppressors P53 and RB, and all are highly influenced by the oxidative stress inherent to cell culture, leading to stress-induced premature senescence (SIPS). 9, 10 Senescence is characterized by an irreversible state of growth arrest, apoptosis resistance, morphological and cellsize changes, high levels of the tumor suppressors P16, P21, P53 and/or RB, increased activity of SA-b-gal and loss of the ability to synthesize DNA. 11 All dividing cultures are heterogeneous populations that initially contain a low percentage of growth-arrested cells, but this percentage increases progressively with passage until most cells become senescent and culture growth flattens. 12, 13 Telomere shortening is one of the best-characterized senescence-triggering mechanisms. [14] [15] [16] Telomeres can shorten during cell-culture expansion in the absence of stress as a result of the end-replication problem (replicative senescence), but the rate of telomere loss can be accelerated by oxidative stress. 17, 18 In most cells, telomere length is maintained by the action of telomerase. 19 hMSCs have insufficient telomerase activity to overcome the progressive telomere shortening caused by the end-replication problem and oxidative stress associated with culture, resulting in senescence. 20, 21 The importance of telomerase in senescence is demonstrated by the finding that human telomerase reverse transcriptase (hTERT) overexpression counteracts replicative senescence and extends lifespan of several types of primary cells, including hMSCs. 22, 23 Telomeres are the termini of eukaryotic chromosomes and their principal function is to protect chromosomes from illegitimate fusion and recombination, thereby preserving genome integrity. 24, 25 Recently, we and other authors showed that a high proportion of long-term cultures of human stem cells show several types of chromosomal abnormalities [26] [27] [28] [29] [30] that could compromise their clinical usefulness. However, in spite of the close relationship between chromosomal alterations and neoplastic processes, spontaneous transformation has not been convincingly demonstrated in long-term cultures of human primary cells. [31] [32] [33] [34] In this article, we show that cellular aneuploidy increases progressively with time in hMSC cultures. hTERT expression and telomere maintenance appear to be crucial for the control of ploidy, and hTERT overexpression has potential as a method for increasing the genetic stability of primary cultures used for cell therapy. Our results further suggest that hTERT, in addition to its role in telomere maintenance, preserves genetic stability by contributing to the control of the oxidative state of the cell.
Results
In vitro expansion of hMSCs is associated with high levels of aneuploidy. Individual cultures of adiposetissue-derived adult hMSCs (n ¼ 5) were maintained under conventional growth conditions until development of replicative senescence. Cultures were able to complete 25.09 ± 1.6 population doublings (PD) over 23 passages (Figure 1a) . To determine the dependence of adipose-tissue-derived adult hMSC-replicative senescence on telomerase activity, four independent cultures were transduced with a lentiviral vector encoding hTERT. Transduction was confirmed by qPCR TaqMan and Q-TRAP (telomere repeat amplification protocol) assay (Supplementary Figures S1A and S1B), and effective immortalization was corroborated by continued growth capacity over at least 21 passages (Figure 1a) . In subsequent experiments, hTERT-MSCs were considered a positive control of non-senescent cells.
The percentage of hMSCs positive for senescence-associated b-galactosidase activity (SA-b-gal) increased with passages, from 4.23±1.6% at passage 2 to 90.48±3.29% at passage 20; in contrast, hTERT-MSCs lacked detectable SA-b-gal activity even at later passages (Figure 1b) . hMSC lifespan was categorized as early passage (r5), middle passage (45-10) and late passage (Z15), according to proliferation ability and the percentage of SA-b-gal, similarly as previously proposed. 35 To evaluate senescence at the molecular level, we monitored the expression of the typical senescence markers P53, P21 and P16 at early-late passages in hMSCs, and at very-late passage (passage 420) in hTERT-MSCs. Although levels of P53 mRNA and protein were constant in all primary cultures, expression of their downstream-regulated gene P21 and the senescence marker P16 increased during senescence (Figures 1c and d) . hTERT-MSCs maintained lower levels of all markers (mRNA and protein) even at late passage (Figures 1c and d) .
To investigate the effects of replicative senescence on genomic integrity, we first analyzed cell cycle profiles at several passages. The results showed that long-term culture is accompanied by a progressive increase in apoptotic cells (0.75±0.23 at early passage to 5.99±2.63% at late passage) and arrested cells in G0/G1 phase (78.17 ± 1.83-84.47 ± 3.9). Concomitant with this, there was a reduction in the numbers of replicating cells (7.38±1.26-2.29±0.332) and in the G2/M subpopulation (12.47 ± 1.42-5.11 ± 1.1) (Figure 2a) . In all hMSC cultures, the percentage of cells with more than 4N DNA content was o0.30% (Figure 2a) . Interestingly, hMSCs presented a higher coefficient of variation in G0/G1 and G2/M peaks at advanced passages in culture (Figure 2a) , suggesting the presence of abnormal cells with a DNA content not equal to 2N or 4N (aneuploid); hTERT-MSCs maintained coefficients similar to hMSCs at early passages ( Figure 2a) . Then, we analyzed the aneuploidy levels in interphase from passages 2-20 by fluorescence in situ hybridization (FISH). The use of specific centromeric probes for fluorochromelabeled chromosomes 8, 11 and 17 allowed us to distinguish between cells that were diploid (two signals per cell and probe) or aneuploid (more or less than two signals per cell and probe) for each chromosome. A clear tendency was detected toward increased aneuploidy for all analyzed chromosomes. At passage 2, aneuploidy in chromosomes 8, 11 and 17 affected 8.07 ± 0.89, 9.15 ± 0.76 and 11.74 ± 1.39% of cells, respectively, and this was increased by passage 20 to 18.65±3.13, 22.05±2.73 and 27.56±2.90% (Table 1) . Most cases of aneuploidy appearing at late passage involved trisomy or tetrasomy for any chromosome ( Figure 2b) ; however, cells triploid or tetraploid for all three chromosomes constituted o10% of all aneuploid cells (data not shown), in agreement with results obtained in cell cycle analysis. hTERT-MSCs maintained low levels of aneuploidy even at passage 20, resembling non-transduced hMSCs at passage 2 (Table 1) .
To evaluate whether telomere shortening is critically involved in hMSC-replicative senescence and genetic instability, we monitored the mean telomere length by quantitative FISH (Q-FISH) in four primary hMSC cultures at passages 2-5 and passages 9-10, and in their hTERT-MSC counterparts at passages 18-22. Consistent with published findings, 14, 16 fluorescent telomere signal significantly decreased between initial and final passages in hMSCs, whereas the hTERT-MSC derivatives contained elongated telomeres (Figure 3a) .
Dysfunctional or short telomeres can promote anaphase bridges, dicentric chromosomes and chromatid breaks via fusion-bridge breakage, which contributes to aneuploidy (reviewed in Martinez et al. 25 ). We carried out a detailed cytogenetic analysis of chromatid breaks and fusions using telomeric and centromeric PNA probes. These experiments showed that hTERT-MSCs have a significantly lower rate of chromosomal abnormalities, with no chromosome fusions or dicentrics and only one break in all the metaphases analyzed, even after culture beyond passage 18 ( Figure 3b ).
We also studied changes in metaphase chromosome number during long-term hMSC culture by DAPI staining. At early passages, nearly 80% of metaphases had 46 chromosomes, with the exception of the ft36hMSC sample, in which only 46% of metaphases were diploid (Figure 3c ). After several passages, all primary hMSC cultures showed a marked increase in aneuploidy, mostly gain or loss of one or two chromosomes. At passage 14, the percentages of diploid metaphases in the ft34, ft36, ft40 and ft43 hMSC samples were, respectively, 18.75, 16.67, 27.27 and 60% (Figure 3d) . In all samples, very few metaphases had fewer than 44 or more than 48 chromosomes (Figure 3d ). Late-passage hTERT-MSCs showed a more stable distribution of chromosome number per metaphase. Thereby, ft36-and and P16 protein levels of one hMSC sample (FT34hMSC) at early, middle and late passages, and one hTERT-MSC line at passage 420. b-actin was detected as a loading control. All independent hMSC cultures followed the same protein profile expression. All above experiments were performed with four independent hMSC samples and their respective transduced hTERT-MSC counterparts. Data are means±S.E.M. (*Po0.050) ft43-TERT-MSC had an essentially diploid set of chromosomes with 84 and 92% of metaphases with 46 chromosomes (Figure 3d) , and ft34-and ft40hTERT-MSC displayed an aneuploid karyotype with 47 chromosomes with a 56 and 72% of metaphases, respectively, but with a more stable chromosome distribution per metaphase than their non-transduced counterparts at passage 14 ( Figure 3c ). All these results are compatible with the estimates from the interphase analysis.
To identify specific genome copy number variations during long-term culture, we performed a molecular karyotyping by high-throughput a-CGH (array-comparative genomic hybridization) in hMSC and hTERT-MSC cultures at passage 20. Interestingly, the results showed full amplification of chromosome 10 in three independent cultures (ft36hMSC, ft34hTERT-MSC and ft40hTERT-MSC), and an amplification of the 20q chromosomal arm in two independent cultures (ft34hMSC and ft34hTERT-MSC) (Supplementary Figure S2) .
The senescence-prone cell subpopulation is highly aneuploid and has a low proliferation rate. The relationship between cell size, morphology and senescence is well known 13, 20 and we have evidenced progressive accumulation with passage of larger and complex cells (estimated by forward and side scatter, respectively); in contrast, all hTERT-MSC cultures maintained a more homogeneous size and complexity throughout the culture (Figure 4a ). We selected senescent and non-senescent subpopulations from a heterogeneous hMSC culture at midpassage (p5-7). hMSCs were separated by FACS into subpopulation b, showing a characteristic senescence phenotype, and subpopulation a, with non-senescent characteristics (smaller size and less complexity; Figure 4b ). Subpopulation b was enriched for SA-b-gal-positive cells (44.44±5.90% versus 14.22±3.65% in subpopulation a) (Figure 4c ). Interestingly, interphase FISH analysis showed that 56.48 ± 4.54% of subpopulation b cells were aneuploid, compared with 26.42±5.15% of subpopulation a cells (Figure 4d ). These data indicate that increased cell size and senescence are accompanied by cytogenetic disorders, but that a significant proportion seems to be initiated earlier, when no morphological alterations are detectable. The growth curves of these subpopulations confirmed that the large-cell fraction (b) was unable to propagate in culture (Figure 4e ), indicating that a high level of aneuploidy in hMSCs is associated with a low proliferative capacity.
hTERT overexpression decreases oxidative stress, modifies metabolism and controls ploidy. We previously reported that aneuploidy is strongly promoted in vitro by oxidative stress. 27 Given that hTERT overexpression maintains aneuploidy at basal levels during cell-culture expansion, we tested whether hTERT influences the oxidative state of hMSCs. hMSC-replicative senescence was accompanied by a progressive increase in total and mitochondrial O 2 À levels, whereas hTERT-MSCs maintain significantly lower O 2 À levels ( Figure 5a ). Quantification of protein oxidation and lipid peroxidation products confirmed that hTERT overexpression has a pronounced antioxidative effect, reducing carbonyl and malondialdehyde (MDA) generation to one-third of the levels detected at early passages in non-transduced cells ( Figure 5b ).
To ascertain whether ROS is a key promoter of aneuploidy, hMSCs and hTERT-MSCs were treated with an inducer agent of O 2 À (40 mM-paraquat for 3 weeks). This treatment strongly promoted aneuploidy of chromosomes 8, 11 and 17 in both the genetic backgrounds, but the effect was more pronounced in hMSCs (Supplementary Figure S3) . Interestingly, in hTERT-MSCs, although telomere attrition was effectively inhibited, exogenous ROS increased the generation of aneuploid cells by up to two-fold (Supplementary Figure S3) .
Given that mitochondria are the main sources of ROS in hMSCs, we evaluated mitochondrial physiology in hMSC cultures. Analysis of mitochondrial oxygen consumption rate (OCR) showed that the basal OCR in hMSCs increased progressively with passage and that the rate in hTERT-MSCs at late passages was similar to that in early-passage hMSCs ( Figure 5c ). To evaluate whether the increased oxygen consumption, O 2 À production and subsequent oxidative damage observed during senescence are related to a dysregulation of mitochondrial biogenesis, we quantified mitochondrial content by Mitotraker green (Figure 5d ) and content of porin, the most abundant protein in the outer mitochondrial membrane (Figure 5e ). We additionally quantified levels of the principal protein scavenger of mitochondrial superoxide, MnSOD (SOD2) (Figure 5e ). Mitochondrial mass increased slightly with senescence and, interestingly, also with hTERT overexpression (Figures 5d and e) . SOD2 was significantly overexpressed in senescent cells and slightly increased in hTERT-MSCs compared with early-passage hMSCs (Figure 5e ). These results thus show that senescence significantly alters hMSC metabolism and oxidative status, and that hTERT overexpression could be a key regulator of metabolic status.
Comparative gene expression profiling of hMSCs reveals dysregulation of ploidy-controlling genes with passages. We profiled microarray gene expression at passages 2 and 21 in four hMSC cultures. In order to be more restrictive, differentially expressed genes were classified by statistical significance and not by fold change, and 42 significantly dysregulated genes (q-value o5%) at passage 21 were found (Supplementary Table S1 ). Principal Abbreviations: hMSC, human mesenchymal stem cell; hTERT, human telomerase reverse transcriptase. Percentage (%) of aneuploid cells for each chromosome (chr8, chr11 and chr17) in four or five independent hMSC samples at passages 2, 5, 10 and 20, and in four derived hTERT-MSC cultures at passage 420. The table shows mean ± S.E.M. aneuploidy per chromosome and the total aneuploidy for the three chromosomes. As more than one chromosome can be affected in the same cell, the percentage of total aneuploidy is not the sum of the percentages of aneuploidy of the three chromosomes. Interphase nuclei were analyzed by interphase FISH using chromosomespecific centromere probes for chromosomes 8, 11 and 17. components analysis (PCA) revealed that replicative senescence differentially altered the gene expression pattern of all the hMSC samples, suggesting an important stochastic component during senescence (Supplementary Figure S4) , in line with previous reports. 36 Despite the small number of significantly dysregulated genes identified, gene enrichment analysis (Ingenuity Systems; q-value o12%; 96 genes) identified over 1000 significantly altered functions in 64 categories (Pr0.03). These functions include processes essential for cell survival and viability such as proliferation, apoptosis and chemotaxis. Interestingly, 69 processes associated with cancer and cell cycle were significantly altered, with genes related to ploidy being the most significantly over-represented (Po0.00037) (Supplementary Table S2 ). Eight genes linked to cancer and cell cycle processes were significantly altered (q-value o12%) ( Table 2 and Supplementary Table S1 ), and dysregulation of four of these (SCIN (scinderin), AKAP9 (A kinase (PRKA) anchor protein (yotiao) 9), EDN1 (endothelin 1) and CXCL12 (chemokine (C-X-C motif) ligand 12)) has been associated with increased aneuploidy or transformation.
37-41 SCIN, a Ca 2 þ -dependent filamentous actin-severing protein, has been reported to promote polyploidy and cell enlargement, and to inhibit proliferation of 41 AKAP9 is a scaffold protein that participates in the signaling machinery in the centrosome.
39 EDN1, a pro-survival growth factor frequently produced by cancer cells, 40 has a critical role in colon cancer.
37
CXCL12 (also called stromal cell-derived factor 1 or SDF-1) has been linked to the polyploidization of hematopoietic cells and their differentiation to the megakaryocyte lineage. 38 The microarray gene expression results were verified by qRT-PCR analysis of six of these cancer and cell cycle genes: SCIN, AKAP9, EDN1, CXCL1, CXCL12 and CD70. SCIN, EDN1 and AKAP9 were significantly upregulated at passage 22 compared with passage 2, whereas CXCL1 and CD70 were significantly downregulated (Po0.05) and CXCL12 showed a downward trend (Figure 6a ). Examination of the four genes implicated in aneuploidy (SCIN, AKAP9, EDN1 and CXCL12) at intermediate passages showed that these mRNA expression changes mostly occur at mid-late passage (P412) (Supplementary Figure S5A) . qRT-PCR analysis of Figure 4 The senescence-prone cell subpopulation is significantly aneuploid and has reduced proliferation rate. hTERT-MSCs at passage 22 showed that hTERT overexpression prevents culture-associated changes in the expression of these aneuploidy genes (Figure 6b ). Dysregulation of these genes thus correlates not only with passage number but also with telomerase expression.
To confirm the putative involvement of this handful of functions in hMSC-replicative senescence, we engineered hMSCs for overexpression of SCIN (pRRL-SCIN-GFP) or for knockdown of CXCL12 (pLVX-Sh203-GFP) (Supplementary Figure S5B) . To avoid negative selection effects, transduced hMSC cultures (60 and 80% GFP þ cells, respectively) were maintained in standard conditions. After 5 weeks in culture, hMSC cultures lacking CXCL12 (Sh203-GFP) showed an approximately two-fold increase in the number of SA-b-GAL-positive cells (Figure 6c ). However, in hMSC cultures overexpressing SCIN, the trend toward increased senescence was not significant (Figure 6c ). Parallel FISH analysis of the level of aneuploidy (chromosomes 8, 11 and 17) in the same cultures revealed that there was no direct correlation with SA-b-GAL expression: overexpression of SCIN provoked a 41.5-fold increase in aneuploidy, whereas aneuploidy in CXCL12-knocked down cells was merely B1.1-fold that in controls (Figure 6d ). These results suggest that upregulation of SCIN might be involved in the generation of aneuploidy, whereas downregulation of CXCL12 would favor the development of SA-b-GAL-positive cells.
Discussion
The accumulation of chromosomal abnormalities by diploid human cells when cultured under standard conditions was first reported nearly 50 years ago. 42 Since then, evidence has accumulated, indicating that genetic instability in human cell cultures is a frequent phenomenon; [26] [27] [28] [29] [30] 43, 44 indeed, a recent large-scale analysis showed that cultures of pluripotent and multipotent stem cells develop large numbers of cytogenetic aberrations. 28 Most cell types can therefore be expected to acquire chromosomal aberrations during expansion in culture.
Our results show that expansion of adult adipose-tissuederived hMSCs under standard culture conditions induces aneuploidy, producing mostly trisomic or tetrasomic cells for the affected chromosomes. These atypical cells are present in low percentage at early passage and become more frequent with passage, paralleling the appearance of senescent cells. 12 Metaphase analysis after several passages revealed frequent gain or loss of one or two chromosomes to generate near-diploid aneuploidy. This is in line with cell cycle analysis that showed a clear increase of the coefficient of variation of G0/G1 and G2/M peaks and an absence of polyploid cells (44N) . Surprisingly, microarray-based comparative genomic hybridization (aCGH) revealed that recurrent chromosomal amplifications (whole chromosome 10 and 20q-arm) might be selected during culture, but without overcoming senescence, in agreement with previous reports. [31] [32] [33] [34] No spontaneous immortalization indicate that most aneuploid cells are arrested or quiescent, an interpretation supported by our FACS-based analysis, which demonstrated that most cells of the hMSC subpopulation of enlarged and complex cells (b, phenotypically more senescent) were strongly aneuploid and essentially unable to progress in vitro. The progressive accumulation of these aneuploid cells could be due to a more frequent generation of aneuploidy as the culture advances or by aneuploidy-promoting apoptosis resistance, a capacity that has been linked to senescence. 45 Our results show that forced expression of the telomerase catalytic subunit (hTERT) not only prevents culture senescence, but also significantly increases genetic stability: elongating the telomeres, preventing the accumulation of aneuploid cells (chromosomes 8, 11 and 17), reducing variability of chromosome number per metaphase and decreasing the coefficient of variation in peaks of DNA content. Although two hTERT-MSC samples did show recurrent chromosomal amplifications, we suggest that these genetic alterations probably already existed before lentiviral transduction, and subsequently accumulated with further cell culture. We found that exogenous ROS is able to promote aneuploidy in hMSCs and hTERT-MSCs despite full telomere protection; in addition, hTERT-MSCs have lower levels of oxidative stress than primary hMSCs. These data suggest that hTERT overexpression protects against chromosomal instability also by directly decreasing oxidative stress. In line with this hypothesis, hTERT overexpression decreased oxidative stress by controlling mitochondrial physiology, maintaining a low OCR and limiting dysregulation of antioxidant defenses such as MnSOD. These data are supported by emerging evidence for non-canonical actions of hTERT, which has been demonstrated to act as a transcriptional modulator, and also to alter metabolism and ROS production. [46] [47] [48] [49] [50] The gene expression data reveal that hMSC expansion culture is associated with significantly altered expression of genes associated with ploidy regulation (SCIN, AKAP9, EDN1 and CXCL12), reinforcing the results of interphase FISH analysis showing progressive accumulation of aneuploid cells during senescence. Importantly, overexpression of hTERT prevented the dysregulation of these ploidy-controlling genes, in agreement with the maintenance of basal levels of aneuploidy. Attempts to demonstrate the direct involvement of some of the identified functions in senescence and chromosome instability, by gain-of-function or downregulation using lentiviral vectors, suggest that SCIN upregulation might be involved in the generation of aneuploidy, and that CXCL12 downregulation could favor the development of SA-b-GALpositive cells. Senescence is likely to be a highly multifactorial process with a marked stochastic contribution, and these results therefore suggest that the whole process might require concerted action of several of the identified functions.
It is important to highlight that compelling evidence suggests that senescence in different human primary cells is associated with secretory phenotypes (SASP) that significantly increase the secretion of several proinflammatory chemoquines and cytoquines. 51, 52 Our microarray gene expression analysis indicates that three main chemoquines are significantly downregulated during hMSC senescence: CXCL1, CXCL2 and CXCL12. However, in parallel studies, we have confirmed that senescent hMSCs show the typical generalized increase of the secretion of proinflammatory cytoquines and chemoquines, including CXCL1 (Sepú lveda et al., submitted). We cannot provide a definitive explanation for this discrepancy, but differences between mRNA gene expression and the protein levels of secretome could be expected, as well as specific variations between cell lineages, as have been previously observed. 53 Our results indicate that replicative senescence in hMSCs is intimately associated with the development of aneuploidy. Generation of aneuploid hMSCs appears to be an unavoidable effect of prolonged ex vivo culture, probably as a consequence of the non-physiological proliferation context. This aneuploidy might be induced in a multifactorial manner by oxidative stress, telomere shortening and altered expression of ploidy-controlling genes. hTERT overexpression effectively controls genetic stability and prevents senescence in hMSCs, both by maintaining telomere length, and by reducing oxidative stress and controlling dysregulation of aneuploidy related genes. We propose that the identified genes, together with an estimate of aneuploidy, could be used as biomarkers of senescence in stem-cell preparations.
Materials and methods
Cell and culture conditions. Five independent human mesenchymal stem-cell lines isolated from adipose tissue were obtained from Inbiobank Stem Cell Bank (www.inbiobank.org). These cells have a typical hMSC phenotype: CD29 þ , CD73 þ (SH3 and SH4), CD105 þ (SH2), CD166 þ , CD45 À and CD31 À . All cells were processed by Inbiobank, following procedures based on ISO9001 : 2000 for good manufacturing practice. hMSC were cultured (2 Â 10 3 cells/cm 2 ) under standard cell-culture conditions in high-glucose (4.5 mg/ml) Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich, Saint Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich), 2 mM glutamine, 100 U/ml penicillin and 1000 U/ml streptomycin at 20% O 2 . Medium was changed twice a week and cells were passaged once every 7 days. For exposure to exogenous ROS, subconfluent (70%) cultures were exposed to 40 mM PQ (Sigma-Aldrich) every 3 days for 3 weeks. Long-term cell growth in vitro was monitored by counting cell number with a hemocytometer. Cumulative PD was calculated with the formula PDL ¼ (log (Nn/ Nn À 1))/ log 2 (n: passage; N: cell number). DNA fingerprinting with nine single-nucleotide polymorphisms at early (p2) and late (p20) passages was peformed in all hMSC cultures and no evidence of cross-contamination was detected.
Lentiviral transduction. Four primary hMSCs at passage 5 were transduced with lentiviral vector (pRRL.SIN18) encoding the human telomerase reverse transcriptase catalytic subunit (hTERT), as described. 54 Telomerase expression was monitored by TaqMan gene expression assay and confirmed by TRAP activity assay. Overexpression of SCIN and downregulation of CXCL12 were performed by lentiviral transduction of one hMSC sample (ft40) at passage 2 with pRRL-SCIN-GFP and pLVX-ShRNA-GFP (203) vectors, respectively. pRRL-GFP empty and pLVX-ShSCR-GFP were used as negative controls. Transduction was confirmed by TaqMan gene expression assay.
Aneuploidy analysis (FISH). Cells were incubated with 10 mg/ml colcemid for 4 h at 37 1C, treated with 0.075 M KCl for 15 min at 37 1C and fixed three times in methanol/acetic acid (3 : 1) at 4 1C. Cell suspensions were dropped onto clean slides and air dried for 24 h. CEP probes for chromosomes 8, 11 and 17 from the Breast Aneusomy Multi-Color Probe kit (Abbot, Des Plaines, IL, USA) were applied to the cells according to the manufacturer's instructions. At least 100 cells per cell line were analyzed for each passage analyzed (2, 5, 10, 15 and 20) . For chromosome analysis in metaphase, cell suspensions enriched in metaphases were dropped onto clean wet slides, aged overnight and stained with DAPI (4,6 diamidino-2-phenylindole) in Vectashield H-1200 mounting medium (Vector Laboratories, Burlingame, CA, USA). Chromosome counts were performed on at least 100 nucleuses per cell line. Fluorescence images were acquired with a Nikon 90i 28 microscope (Nikon Instruments, Melville, NY, USA) fitted with a Â 100 planfluor 1.3N/A objective, appropriate filters and an Hg Intensilight fluorescence unit. Digital images were acquired with a JAI monochrome CCD cooled camera (Kushima City, Japan) linked to Cytovision Genus software (Genetix, Boston, MA, USA).
Chromosome number and chromosomal aberrations. FISH was carried out as described above. Chromosomes were counted and structural chromosomal aberrations detected by superimposing telomere and centromere images on the DAPI-stained chromosomes in ImageJ (Bethesda, MD, USA). At least 25 metaphases of each cell line and condition were analyzed (n ¼ 4). Chromosomal aberrations were identified as follows: chromatid or chromosomal breakages: gaps in one or two chromatids whose corresponding centromere was identified; chromosomal fusions: two chromosomes joined without telomere signals at the fusion point with one centromeric signal; dicentrics: chromosomal fusions between two chromosomes joined without telomere signals at the fusion point with two centromeric signals. The percentage of each type of aberration in each cell line and condition was used for statistical analysis.
Western blot analysis. Cells were lysed in SDS Ripa lysis buffer (50 mM Tris-HCl, pH 7.4, 1% NP40, 0.25% sodium deoxycholate, 150 Mm NaCl, 1 mM EDTA) containing proteinase inhibitor complex (mini-complete, Roche, Basel, Switzerland). Proteins were electrophoresed on 12.5% SDS-PAGE gels (Invitrogen, Carlsbad, CA, USA) and transferred to nitrocellulose membranes. Membranes were sequentially incubated with 1 : 500 dilutions of mouse anti-P53 (Pab240, Santa cruz Biotech, Santa Cruz, CA, USA), anti-P21 (F5, Santa cruz Biotech), anti-Porin (A31855, Invitrogen), rabbit anti-P16 (M-156, Santa cruz Biotech), anti-MnSOD (06-984, Millipore, Billerica, MA, USA) and mouse anti-b-actin (Abcam 8226, Cambridge, MA, USA) as a loading control. Stained proteins were detected with the Amersham ECL Advance Western Blotting Detection Kit (GE Healthcare Life Sciences, Buckinghamshire, UK), and films were scanned and quantified with ImageJ.
Senescence-associated b-galactosidase activity assay. The assay is based on histochemical staining for b-galactosidase activity at pH 6. Unmodified and hTERT-transduced hMSCs were plated (2 Â 10 3 cells/cm 2 ) in six-well plates at the required passage. After 7 days, the cells were washed with PBS and fixed for 15 min with the fixing mix solution from the histochemical staining kit (Sigma-Aldrich). Senescent cells were stained by adding 1 ml of the staining mix to each well. Plates were incubated at 37 1C without CO 2 , and hMSCs were examined after 16 h.
Q-TRAP assay. Telomerase assays were performed on 5000 hMSCs as described, 55 with the following modifications. Proteins were extracted in NP40 lysis buffer (10 mM Tris-HCl, 1 mM MgCl 2 , 1 mM EDTA, 1% NP40, 0.25 mM sodium deoxycholate, 10% glycerol, 150 mM NaCl, 5 mM b-mercaptoethanol (all from Sigma-Aldrich) and 1 Â protease inhibitor (Roche) at pH 8.0. Protein concentration was measured with the DC Protein Assay Kit (Bio-Rad, Hercules, CA, USA). Extracts (5 and 1 mg protein per sample) were incubated with telomerase extension buffer (500 mM Tris-AcH, 500 Mm potassium acetate. 30 mM MgCl 2 , 10 mM spermin, 10 mM EGTA, 50 mM b-mercaptoethanol, 2 mM dAGT; all from Sigma-Aldrich) and 1 mM Oligo TS (5 0 -AATCCGTCGAGCA GAGTT-3 0 ). Extension reaction of telomerase (2 ml) was added to 23 ml PCR reaction mix containing 1 Â Power SYBR Green PCR Master Mix, 5 mM EGTA, 2 ng/ml Oligo TS and 4 ng/ml Oligo ACX (5 0 -GCGCGGC(TTACCC)4-3 0 ). PCR was carried out at 94 1C for 10 min, followed by 40 cycles of 94 1C for 15 s and 60 1C for 1 min. PCR products were monitored with an ABI PRISM 7700 sequence detection apparatus (Applied Biosystems, Foster City, CA, USA) and analyzed with SDS v2.3 software (Applied Biosystems).
Cell cycle analysis. Cell cycle distribution was examined by propidium iodide (PI) staining. Single suspensions of each hMSC line at assorted passages and of the hTERT-MSC lines at passage 430 were obtained. Cells were carefully fixed drop-by-drop in 70% ethanol and stored at À 20 1C. Samples were washed in PBS, treated for 45 min with 0.1 mg/ml RNase A (Sigma-Aldrich) at 37 1C and stained with 40 mg/ml PI in PBS for 5 min. Fluorescence intensity was analyzed in a Becton-Dickinson LSR cytometer (BD Biosciences, San Jose, CA, USA). Aggregated cells were excluded by 'doublet discrimination': cells were faced in Side Scatter Channel SSC-H versus SSC-W, and in Forward Scatter Channel FSC-H versus FSC-W, and the subpopulation with equal pulse width was selected. Data were analyzed with FlowJo Cytometry analysis software (Tree Star, Ashland, OR, USA).
Flow cytometry analysis of ROS. Early-passage (p5) hMSC cultures and late-passage (P415) hTERT-MSC cultures were washed in PBS, trypsinized and resuspended in HBSS/Ca/Mg phenol-red-free medium (Sigma-Aldrich) at 1 Â 10 6 cells/ml. Samples were incubated at 37 1C in the dark with 5 mM dihydroethidium (DHE) for 30 min or with 1 mM MitoSox Red probe for 10 min (both probes from Molecular Probes, Invitrogen). DHE and MitoSox Red are specific biomarkers of total and mitochondrial superoxide anion (O 2 À ), respectively. After incubation, cells were washed twice in cold PBS to eliminate excess staining solution. Dead cells were excluded by incubation for 5 min with TO-PRO in HBSS/ Ca/Mg phenol-red-free medium. ROS (O 2 À ) were detected by flow cytometry in a Becton-Dickinson LSR cytometer (BD Biosciences) in channel FL2. The autofluorescence in each sample was subtracted. Aggregated cells were excluded by 'doublet discrimination' in the same way as in cell cycle analysis.
Flow cytometry analysis of mitochondrial content by Mitotracker green staining. Early-passage (p5) hMSC and late-passage (P418) hTERT-MSC cultures were washed in PBS, trypsinized and incubated at 1 Â 10 6 cells/ml in HBSS/Ca/Mg phenol-red-free medium (Sigma-Aldrich) containing 100 nM Mitotraker green (Molecular Probes, Invitrogen) for 30 min in the dark. Dead cells were excluded by incubation for 5 min with TO-PRO in HBSS/Ca/Mg phenol-red-free medium. Fluorescent signal was detected by flow cytometry in a Becton-Dickinson LSR cytometer (BD Biosciences) in channel FL1, and data were analyzed with Summit v4.3 software (Dako Inc., Carpinteria, CA, USA).
Microarray gene expression profiling
Sample labeling and microarray hybridization: The One-Color Microarray-Based Gene Expression Analysis Protocol (Agilent Technologies, Palo Alto, CA, USA) was used to amplify and label RNA. Briefly, 400 ng of total RNA was reverse transcribed using T7 promoter Primer and MMLV-RT. cDNA was then converted to aRNA using T7 RNA polymerase, which simultaneously amplifies target material and incorporates cyanine 3-labeled CTP. Cy3-labeled aRNA (1.65 mg) was hybridized to a Whole Human Genome Microarray 4 Â 44K (G4112F, Agilent Technologies) for 17 h at 65 1C in 1 Â GEx Hybridization Buffer HI-RPM in a hybridization oven (G2545A, Agilent Technologies) set to 10 r.p.m. Arrays were washed according to the manufacturer's instructions, dried by centrifugation and scanned at 5 mm resolution on an Agilent DNA Microarray Scanner (G2565BA, Agilent Technologies) with the default settings for 4 Â 44K format one-color arrays. Scanned images were analyzed with Feature Extraction software (Agilent Technologies).
Data analysis: Feature Extraction data files were imported into GeneSpring GX version 9.0. (Agilent Technologies). Quantile normalization was performed and expression values (log2 transformed) were obtained for each probe. Probes were also flagged (Present, Marginal, Absent) using GeneSpring default settings. Probes with signal values above the lower percentile (20 th ), and flagged as present or marginal in all replicates in at least one of the two conditions under study, were selected for further analysis (23 716 probes). Statistical analysis of differential gene expression between passages 21 and 2 was assessed by twoclass paired SAM. PCA was performed with the Gene Spring 12.1 program analysis (Agilent Technologies). Data were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo; accession no.: GSE39250).
Ingenuity Pathway analysis: Ingenuity Pathway Analysis software (Ingenuity Systems, www.ingenuity.com) was used to generate an interaction network for genes of interest and for functional enrichment analysis of specific gene data sets. Given the low number of significantly differentially regulated genes obtained (42 genes), Ingenuity Pathway analysis was run with a q-value o12% (96 genes).
TaqMan assays. hMSC RNA was extracted with TRIzol by standard methods, and the RT reaction was carried out with the SuperScript III Reverse Transcriptase kit (Invitrogen). A total of 10 ng of cDNA per reaction was added to 10 ml of 2 Â PCR Master Mix (Applied Biosystems). TaqMan Gene Expression Assays (Applied Biosystems) were used for all mRNA quantifications. The PCR was loaded in an ABI PRISM 7700 apparatus and quantified using 7900HT v2.3 software (Applied Biosystems).
Microarray-based comparative genomic hybridization (aCGH). DNA was isolated from hMSC and hTERT-MSCs at passage 20 using DNAzol (Invitrogen) according to the manufacturer's instructions. DNA (1.1 mg) was first digested with AluI and RsaI (2 h at 37 1 C). Enzymes were inactivated by incubation at 65
1 C for 20 min. Random primers (5 ml) were added to the samples, which were incubated for 3 min at 95 1 C and then for 5 min on ice. Samples are labeled using Exo-Klenow, dNTPs and cyanine 3-dUTP (C) or cyanine 5-dUTP (M). Samples are incubated for 2 h at 37 1 C, followed by enzyme inactivation at 65 1 C for 10 min. Labeled DNA was purified using Microcon YM-30 filters (Millipore). Cy3-and Cy5-labeled DNAs are mixed and hybridized to the Sure Print G3 Mouse CGH Microarray (4 Â 180 K) for 24 h at 65 1 C in 1 Â Hi-RPM hybridization buffer (Agilent Technologies), 1 Â GE blocking agent (Agilent Technologies) and mouse Cot-1 DNA (45 mg/ml). Arrays were washed and dried according to the manufacturer's instructions (Oligonucleotide Array-Based CGH for Genomic DNA Analysis; Agilent Technologies). Arrays were scanned at 3 mm resolution on
